Abstract-A concept to induce a very high directivity and a flat coupling over a large bandwidth in compact microstrip directional couplers is presented. By introducing lumped element based compensation networks at the isolated and coupled port of a simple electrically short directional coupler, a very high directivity and a constant coupling over enormous bandwidths up to one decade can be achieved. With a design focusing on flat coupling, a high power directional coupler with a coupling length of only 50 mm, less then λ/25 at the middle of the band, was shown to have a coupling in the range of 52.11 dB±0.05 dB from 37.4 MHz to 200 MHz. In a further design step with focus on directivity and coupling flatness at the same, the coupling stayed within 55.25 dB ± 0.35 dB from 22 MHz to 164 MHz with a directivity of greater than 50 dB (30 dB) from 35 MHz to 84 MHz (20 MHz to 187 MHz).
I. INTRODUCTION
Plasma processing tools for the fabrication of modern semiconductors require an extremely precise process control. For processes that are operating with radio-frequencies (RF) this results in the need for RF generators with an extremely high degree of accuracy over a wide dynamic range, e.g. a power repeatability for the same generator of 1% within a power range of 800 -10,000 W as provided by TRUMPF Huettinger's new TruPlasma VHF series 3010 (G1/40) generator. The high power directional coupler, being one of the most important components within the power control loop of an RF generator, should meet various challenging requirements. A broadband performance is desired to address multiple operating frequencies and to integrate diagnostic features like the capturing of spurious emissions of the non-linear plasma load. Broadband performance means to achieve a constant coupling over a certain bandwidth. This enables the use of the full dynamic range of the subsequent RF detector circuit for all the targeted frequencies and translates into measurement resolution and accuracy. Furthermore, a constant coupling is important to protect the RF detector circuit, which could be damaged by more strongly coupled spectral emissions of the plasma chamber. A common way to realise a constant coupling for microstrip line couplers is the use of multi-sectional coupled lines. However, the coupled structure needs to have dimensions in the order of a quarter-wavelength and would be far too large for operating frequencies in the HF and VHF range. Accordingly, electrically short couplers are commonly in use for the targeted applications and a coupling increasing with 6 dB per octave has to be addressed, cf. Fig. 1a . On the other hand, broadband coupler performance means to realise high directivity over a large frequency range. Apart from other effects like drift over power, temperature, life time etc. the directivity of the coupler is directly related to the measurement error as illustrated in Fig. 1b , showing the measurement error as a function of the directivity and the load reflection coefficient. Due to the dispersive nature of a microstrip coupler and the unequal phase velocities of even and odd mode, the directivity of a microstrip coupler is inherently limited. Several topologies to overcome this issue have been investigated like the introduction of a dielectric overlay, the use of wiggly [1] , [2] or fragment-type [3] coupled lines or the use of a capacitive [4] , [5] or inductive loading [6] . However, these methods partly are not sufficient or practically not useful [7] , [8] , [9] but do not address broadband performance or are rather complex by using two coupling lines. In contrast to that, the focus of this paper is the creation of a broadband electrically-short directional coupler with flat coupling and high directivity. The proposed concept uses lumped element compensation networks at the isolated and coupled port of a simple microstrip line coupler with only one coupled line. These networks are synthesised in a way to -1) realise a voltage cancellation of the miscoupled power contribution over a large bandwidth resulting in a high directivity -2) to compensate for the 6 dB per octave increase of the coupling at the same time. Both major design goals are first investigated independently from each other before bringing together the respective design considerations in a second step.
II. CONCEPT
The proposed concept requires a directional coupler with only one coupled line which is on both sides connected to the measurement system via a compensation network. Dependent on the requirements, this network can be designed to provide flat coupling, a high directivity or a trade-off between the two. The coupled line which has both sides terminated with a load network with an input impedance of Z in and an output impedance matched to the system impedance Z ref , cf. Fig. 2 . This concept has two main challenges, high directivity and a flat coupling, that shall be treated separately. The high directivity is discussed first, coupling flatness is then treated followed by the combination of the two requirements.
A. Inducing broadband directivity
In [9] and [8] , the principle of terminating one port of the coupled line with a carefully chosen impedance to improve the directivity is explored. The problem is that due to the limited directivity, the reflected power is partially coupled into the forward power port. By terminating the reflected port with a slightly mismatched impedance a small portion of power is reflected in the right phase to cancel out this miscoupled power at the forward port. This leads to a very high directivity but at a limited bandwidth, [8] reports 67 dB but the directivity stays only below 50 dB over a bandwidth of about 2%. A similar approach uses both forward and reflected power cancellation to achieve a very broadband directivity of above 40 dB [7] . The proposed approach shall follow the general idea of cancelling out by using reflections but extending it to work over a wider band.
We consider a directional coupler connected to two identical compensation networks as shown in Fig. 2 . The directional coupler can be fully described by its frequency depending s-parameters which were determined either by simulation or measurements. The output of the compensation network shall be matched to the reference impedance of the measurements system Z ref . By means of choosing the input reflection coefficient Γ in we can maximise the isolation of the measurement ports. The choice of the Γ in defines, in turn, the electrical network of the compensation network.
With the given port numbering the intrinsic isolation of the directional coupler is given by S 32 describing the direct path between the opposite port 2 and the measurement port for the forward power, i.e. port 3. With ports 3 and 4 closed we get two additional contributions −Γ in S 32 · S 44 and Γ in · S 34 · S 42 . Figure 3 shows the range of values of Γ in of the two networks in order to reach a certain isolation. For lower frequencies the circles are larger which is due to the fact that the intrinsic isolation of the directional coupler is higher for lower frequencies, cf. Fig. 1a and therefore the system is less sensitive to the compensation network. Setting the sum of all 3 contributions to zero, one can solve for the optimum reflection 
The locus of the optimum reflection coefficient resembles a counter-clockwise turning circle. This behaviour can be approximated partially by means of a compensation network as shown in Fig. 4 resulting in a directivity which remains above 40 dB for more than 100 MHz and gives better than 50 dB for about 60 MHz, see Fig. 5 .
Due to small differences in the coupling and isolation values in the datasets of the directional coupler in Fig. 1a , the directivity of the two ports is different despite using the same compensation network. This could be rectified by adapting the compensation networks individually but the ability to use only one configuration for both ends is the key point to keep the concept simple as the networks influence each other.
B. Equalising coupling over frequency
To keep the circuit from introducing non-linearities, only passive components can be used. Therefore, the power above the level of lowest coupling C L needs to be reduced in order to bring the coupling to a constant level. As the impedances at both ports are to be equal, this cannot be achieved by reflecting the excess power, which thus leads to the introduction of a frequency dependent attenuator. As the coupling increases with frequency, cf. Fig. 1a , the circuit needs to attenuate more at higher frequencies. Starting with a Π attenuator, the required behaviour can be achieved by including RC series impedance in parallel to the shunt resistors and a RL series impedance in parallel with the series resistor. The values depend on the intended bandwidth and thus the intended level of attenuation 
C. Combining directivity and coupling
Having developed techniques to provide both high directivity and a constant coupling over a frequency range, a circuit to implement both of these behaviours at the same time needs to be found. It has to match the frequency dependent input impedance required for the high directivity to 50 Ω over the bandwidth of interest and introduce a frequency dependent attenuation that counters the increasing coupling inherent in the directional coupler. Obviously, neither putting them in parallel nor in series will work, the networks will have to be integrated into each other. Starting with a coupling compensation network that is designed to match the real part gathered from Fig. 3 to the reference impedance, e.g. 50 Ω.
To approach the curve of ideal isolation, additional reactive parts need to be added to the circuit which will lead to the existence of a number of possible solutions. One of these solutions can be seen in Fig. 8 . Using the techniques proposed in this paper, the directional coupler from Fig. 1a can be equipped with two compensation networks optimised for both directivity and coupling flatness. The network, cf. Fig. 8 is able to keep the coupling within 55.25 dB ± 0.35 dB from 22 MHz to 164 MHz with a directivity of better than 50 dB from 35 MHz to 84 MHz and better than 30 dB over almost a decade from 20 MHz to 187 MHz, cf. Fig. 9 . Again, the slight difference in s-parameters leads the two directivities to differ.
The proposed strategies have provided the basis for the realisation of compact directional couplers, e.g. the one shown in Fig. 10 , to be integrated into future TRUMPF Huettinger RF generators.
III. CONCLUSION
With the proposed concept, the directivity and coupling flatness of directional couplers can be improved. The theoretical basis behind the methods used to achieve broadband directivity and coupling is discussed. It has been shown how the impedance for maximum directivity changes with frequency in the scope of directivity enhancements using the cancellation of powers and how a very high directivity can be achieved over a wide bandwidth by designing a network that follows this impedance change. A network has been proposed that allows the compensation of the frequency dependence of a directional couplers coupling. These two concepts were then combined in order to form a network that provides both effects. This concept is particularly of interest in the case of compact microstrip couplers with a single coupling line which can be improved using the proposed techniques to master even the tough challenges in terms of wide band coupling flatness and directivity.
